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1.3 A˚ Structure of Arylsulfatase from Pseudomonas
aeruginosa Establishes the Catalytic Mechanism
of Sulfate Ester Cleavage in the Sulfatase Family
ing state of the key catalytic residue in sulfatases is a
formylglycine hydrate. These structural data establish
a mechanism for sulfate ester cleavage involving an
aldehyde hydrate as the functional group that initiates
the reaction through a nucleophilic attack on the sulfur
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otic sulfatases or, in some bacterial sulfatases, the oxi-Oxford Road
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C-formylglycine (FGly) in the active site of all sulfatases
leads to multiple sulfatase deficiency (MSD), a rare au-
tosomal recessive disease [7, 3].Summary
The arylsulfatase from Pseudomonas aeruginosa be-
longs to the cytoplasmic prokaryotic sulfatases [8], inBackground: Sulfatases constitute a family of enzymes
which a FGly residue is posttranslationally generatedwith a highly conserved active site region including a
from an expressed cysteine [9]. Unlike the human en-Cformylglycine that is posttranslationally generated
zymes, its role is primarily to supply sulfur for bacterialby the oxidation of a conserved cysteine or serine resi-
growth by the release of inorganic sulfate from sulfatedue. The crystal structures of two human arylsulfatases,
esters. Expression of the corresponding atsA gene isASA and ASB, along with ASA mutants and their com-
repressed in the presence of inorganic sulfate or cyste-plexes led to different proposals for the catalytic mecha-
ine and derepressed in their absence, a process that isnism in the hydrolysis of sulfate esters.
mediated as part of the cys regulon by the regulator
protein CysB [10].Results: The crystal structure of a bacterial sulfatase
The crystal structures of two members of the sulfatasefrom Pseudomonas aeruginosa (PAS) has been deter-
family, both of them human, have been determined,mined at 1.3 A˚. Fold and active site region are strikingly
cerebroside-3-sulfate 3-sulfohydrolase (arylsulfatase A,similar to those of the known human sulfatases. The
ASA) at 2.1 A˚ [11] and N-acetylgalactosamine-4-sulfatestructure allows a precise determination of the active
4-sulfohydrolase (arylsulfatase B, ASB) at 2.5 A˚ [12].site region, unequivocally showing the presence of a
Complexes of the inert ASA mutants C69A and C69S,Cformylglycine hydrate as the key catalytic residue.
both lacking the FGly residue essential for catalysis,Furthermore, the cation located in the active site is un-
with the synthetic substrate para-nitrocatechol sulfateambiguously characterized as calcium by both its B
(pNCS) have also been determined at resolutions be-value and the geometry of its coordination sphere. The
tween 2.35 and 2.65 A˚ [13]. Based on these structuralactive site contains a noncovalently bonded sulfate that
and previous kinetic data, two different mechanismsoccupies the same position as the one in para-nitrocate-
have been proposed for the hydrolysis of sulfate-estercholsulfate in previously studied ASA complexes.
bonds. Given the modest resolution of these structures,
it was not possible to characterize unequivocally a single
Conclusions: The structure of PAS shows that the rest-
Key words: crystal structure; sulfatase; catalytic mechanism; for-
mylglycine hydrate; multiple sulfatase deficiency (MSD)5 Correspondence: uson@shelx.uni-ac.gwdg.de
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general model for sulfate ester cleavage or to exclude Table 1. Statistics of the Data Collection and Structure Solution
and Refinementthe alternative mechanism. In particular, it was not pos-
sible to establish the nature of the side chain in the key Data Collection PAS Native Pb Derivative
catalytic residue, as the electron density map could not
Resolution limits (A˚) 1.3 2.35discriminate between an aldehyde hydrate (a geminal
Rsym (%)a,b 8.5 (33.7) 5.7 (15.0)diol) and a disordered aldehyde side chain. The mecha- Reflections (unique) 255,817 45,676
nism derived from the aldehyde hydrate would have to Completeness (%)a 93.1 (81.5) 96.3 (62.7)
be a nucleophilic attack of a hydroxyl O on the sulfate I  3(I) (%)a 75.4 (43.2) 86.7 (38.0)
sulfur, involving a pentacoordinated sulfur intermediate
Phasing to 3 A˚
from which the alcohol would be eliminated [11]. On the
Sites (occupancy) 8 (2:0.4, 6:0.2)contrary, the unmodified aldehyde could initiate reaction
F-weighted mean phase errorc SHARP: 48.8 DM: 44.5through an electrophilic attack of the aldehyde C on a
Map correlation coefficientc SHARP: 0.69 DM: 0.70
sulfate oxygen, resulting in a sulfate diester that would
Refinementbe hydrolyzed by an unspecified nucleophile [12].
To confirm one of these hypotheses and establish Protein/salt/solvent atoms 8189/42/810
Rmsd bond length (A˚) 0.010the catalytic mechanism, atomic resolution data were
Rmsd bond angle distances (A˚) 0.026needed. The modest resolution previously obtained in
R factor (%) (F  4/all data) 18.94/19.96structural data from human sulfatases was presumably
Rwork (%) (F  4/all data) 18.85/19.87caused by various factors, including heterogeneity aris-
Rfree (%) (F  4/all data) 21.79/22.85ing from both glycosylation and nonquantitative modifi-
a Outer resolution shell (0.1 A˚).cation of the cysteine residue to the key FGly residue
b Rsym  (|Ihkl  	Ihkl|)/(Ihkl).in the active site [3]. Furthermore, ASA crystals could
c Relative to final refined structure.
not be frozen without dramatic loss of resolution, and
room temperature data collection led to severe radiation
damage during room temperature data collection. To side, and helix L is located toward the center, on top
overcome such problems, a bacterial sulfatase showing of the large  sheet, as shown in Figure 1b. The smaller,
quantitative FGly modification [9] was chosen. C-terminal domain that is built up by a 4-stranded anti-
Here, we report on the crystal structure of an arylsulfa- parallel  sheet and a terminal  helix O orthogonal to
tase from Pseudomonas aeruginosa (PAS) at 1.3 A˚. it on the solvent-exposed side occupies the other end
Based on the high-resolution determination of the highly of the large  sheet. The structure contains no disulfide
conserved active site region of a sulfatase that this bridges and indeed no cysteine residue, as the only one
structure provides, a consensus reaction mechanism expressed (Cys51) is posttranslationally modified to the
for sulfate ester cleavage in sulfatases is proposed. FGly catalytic side chain. The active site is buried at the
end of a narrow cleft, on top of the middle of the large
 sheet, between the C-terminal  sheet and  helix LResults
and the  helices E and J.
Crystal Structure of PAS
Description of the DimerCrystals of this bacterial sulfatase were obtained at a
Although the asymmetric unit contains two molecules,pH of 6.3. The three-dimensional structure of PAS was
the contacts found in the crystal structure among bothdetermined to 1.3 A˚ resolution in the space group C2
monomers do not persist in solution, as the apparent(Rwork  19.9, Rfree  22.9). Data collection and phasing
molecular weight determined by gel filtration is 39 kDa,and refinement statistics are summarized in Table 1.
which is compatible with a monomeric structure [8]. TheThe asymmetric unit contains two monomers. Beginning
dimer interface is formed by the hydrophobic interac-with the third amino acid, Lys3, the electron density in
tions between Arg302, Arg303, and Gly305 from eachboth monomers is continuous through Val527. Thus,
monomer and Ile37, Ala38, and Gly398 from the otheronly the first two and the last nine amino acids in the
monomer, which are located on either side of the twoprotein are missing from the structure. The overall dimen-
intermolecular salt bridges between Arg390 and Asp308,sions of the globular PAS molecule are 55 
 55 
 50 A˚.
and the interaction between Pro392 and its equivalent
in the other monomer, which are located in the middle.
Description of the Fold Other packing contacts are mainly polar or water-medi-
Figure 1 shows a topological diagram of the polypeptide ated, as there is very little hydrophobic surface exposed
fold, two different schematic views of the structure of the in the structure.
protein highlighting the secondary structural elements,
and a stereo C-trace of the protein. The structure of Description of the Active Site
the PAS monomer has two distinct domains. The N-ter- Figures 1b and 1c show two views of the PAS structure
minal domain, with an / topology, is the larger one. highlighting the location of the active center within the
It contains a 10-stranded  sheet in which all strands whole protein frame. Figures 2a and 2b show stereo
except 6 and 10 are parallel. This sheet is flanked by views of the final model in the area of the active site
helices A, F, G, H, and the very long helix I (34 and a difference A-weighted electron density omit map
amino acids comprising 270–303) on one side and B, at a contour level of 2 [14]. Table 2 summarizes the
with the key FGly51 at its N-terminal end, C, D, M, interactions and nonbonded distances between resi-
dues in the active site as determined in this structure.and N on the other. Helices E and J occupy one
Arylsulfatase from P. aeruginosa
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Figure 1. The Overall Fold of PAS
(a) A topology diagram of the PAS structure.
 strands are represented by arrows, and 
helices are represented by cylinders. The first
and last residue number in each secondary
structural element is given. The colors used
match those in Figures 1b and 1c.
(b) A ribbon representation of the PAS struc-
ture highlighting the secondary structural ele-
ments and the calcium cation (yellow sphere)
and sulfate and relevant side chains in the
residues constituting the area of the active
site (blue).
(c) A view of the molecule rotated 90 from
the view in (b).
(d) A stereo view of a C trace of the molecule,
with the color ramped from blue to red; every
20th C atom is marked.
Figure 2c shows a stereo view of the final model in this of range, and by bond valence calculations based on
the distances from the cation to all donor atoms coordi-region with the names of the residues involved.
The electron density map of PAS in the area of the nated to it [16]. Coexistence of a minor (	10%) fraction
of other cations like magnesium is of course possible.active site clearly shows the presence of the two hy-
droxyl groups of an aldehyde hydrate bonded to C in In this structure, the sensitivity of the relative B values
to the atom assignment was evidenced through a num-residue 51, the key catalytic side chain in PAS, corre-
sponding to residues 69 in ASA and 91 in ASB. The ber of histidine side chains in which nitrogen and carbon
atoms were incorrectly assigned during the initial build-angle between both hydroxyl groups, apparent from the
electron density map, fits that expected for a geminal ing, the isotropic displacement parameters for the incor-
rect nitrogen atoms were too large, and for the corre-diol, as derived from small molecule data taken from
the Cambridge Structural Database (CSD) [15]. Further- sponding carbon atoms, they were too small. For these
histidine side chains, independently from the B values,more, the B values of the O atoms in the FGly hydrate
residue agree with those of other atoms in this region, the correct assignment was clear from the H bond
pattern.showing that these sites are fully occupied and not alter-
native-disordered partially occupied sites. The metal The active site was also found to contain a sulfate
anion that was noncovalently bonded to the protein.cation, located in the vicinity of the aldehyde hydrate,
could be determined to be calcium, both by comparison The protein was crystallized from a precipitant solution
containing 0.2 M (NH4)2SO4, and eight more sulfateof its B value with the neighboring atoms, which, when
modeled as magnesium, was too small, falling fully out anions were located on the surface of the protein, often
Structure
486
Figure 2. Active Site Region in the PAS
Structure Showing Stereo Views
(a) A stereo view of the protein residues and
sulfate in the final model and a A-weighted
[14] difference electron density omit map
contoured at a 2 level. The electron density
around the calcium cation has been omitted
for clarity, but its position is shown. The side
chains of R55, D317, N318, and D13 are
omitted.
(b) A stereo view of the protein residues and
sulfate in the final model and a A-weighted
[14] difference electron density omit map
contoured at a 2 level. The side chain of D13
is omitted for clarity.
(c) A stereo view of the intermolecular con-
tacts between protein residues and sulfate in
the final model. The distances in A˚ between
interacting atoms are listed in Table 2.
(d) A stereo view of the protein residues and
sulfate in the final model and a A-weighted
[14] difference electron density map con-
toured at a 3 level, showing the orientation
of the hydrogen atoms on the geminal hy-
droxyl groups in residue 51.
mediating packing contacts between positive side The formylglycine hydrate side chain is H bonded
through one of its hydroxyl groups (O2) to Arg55,chains. This accounts for the role of this salt in the
growth of the crystals. His115, and farther away, Lys113. His115 is acting as the
Arylsulfatase from P. aeruginosa
487
Table 3. Metal Cations and Amino Acids Occupying EquivalentTable 2. Polar Interactions in the Active Site of PAS; the
Positions in the Structures of PAS, ASA, and ASB, ThusDistances in A˚ are the Average Values between Both
Fulfilling Parallel Roles during CatalysisMonomers
PAS ASA ASBFGly51 O2-R55 N 2.73 SO4 O2-K113 N 3.23
FGly51 O2-H115 N1 2.78 SO4 O4-H211 N2 2.75 FGly51 FGly69 FGly91
FGly51 O2-K113 N 3.10 SO4 O4-K375 N 2.78 Ca2 Mg2 Ca2
FGly51 O1-D317 O2 2.78 SO4 O1-K375 N 2.82 Arg55 Arg73 Arg95
FGly51 O1-SO4 S 2.96 SO4 O3-FGly51 N 3.45 Lys113 Lys123 Lys145
FGly51 O1-SO4 O1 2.57 D13 O1-Ca2 2.27 His115 His125 His147
FGly51 O1-SO4 O2 2.76 D14 O1-Ca2 2.24 His211 His229 His242
FGly51 O1-SO4 O3 3.18 D317 O1-Ca2 2.63 Lys375 Lys302 Lys318
FGly51 O1-Ca2 2.29 D317 O2-Ca2 2.36 Asp13 Asp29 Asp53
SO4 O1-Ca2 2.58 N318 O1-Ca2 2.40 Asp14 Asp30 Asp54
Asp317 Asp281 Asp300
Asn318 Asn282 Asn301
proton acceptor (see Figure 2d, displaying a difference
electron density map at a 3 level, in which the position
an environment that can be best described as a distortedof the hydrogen atoms on the geminal hydroxyl groups
pentagonal bipyramid. The axial positions are occupiedcan be seen). The other hydroxyl group (O1) is oriented
by Asp13O and Asn318O, and the equatorial posi-toward the metal cation, and it hydrogen bonds the
tions are occupied by Asp317O1 and O2, Asp14O,sulfate group rather than Asp317 (Figure 2d). Its distance
FGly51O1, and O(1) in the sulfate anion (Figure 3).to the sulfate sulfur is 2.96 A˚, with short contacts of 2.57
and 2.76 A˚ to two oxygen atoms in this group. It is
directed toward a face of the sulfate tetrahedron. The Discussion
sulfate group is held close to the side chain of FGly51
by the positively charged residues His211 and Lys375 Homology between ASA, ASB, and PAS
and the Ca2 cation. Additional interactions to the side The strongest structural similarities between PAS and
chains of Lys113 and the main chain of FGly51 (with other known proteins in the PDB [17] are obviously to
3.45 A˚, the weakest interaction) stabilize this position ASB (31% identity over 405 residues), ASA (29% identity
(Figure 2c). The calcium cation is heptacoordinated in over 390 residues), and alkaline phosphatase [18], as
this enzyme was found to bear similarity in its fold to
both ASA and ASB, despite its low sequence homology
to both. The rmsd (root mean square deviation) of a C
fit between ASB and PAS over 405 residues is 2.3 A˚.
For ASA and PAS, 390 residues can be fit, giving an
rmsd of 2.4, and despite their sharing only 16% identity
over 218 residues, the rmsd between alkaline phospha-
tase and PAS is only 3.3 A˚.
The main elements in the folds of all three sulfatases
are conserved, including the two major  sheets and
most of the  helices. All  strands in PAS, except for
the small  sheet formed by 13 and 14, can also be
found in both ASA and ASB. These, in turn, contain an
extra twisted hairpin, which has been suggested could
be a recognition element for targeting them to the lyso-
some [12] instead of helix E in PAS. ASA also lacks 
helices C, G, H, J, and K, and the long I in PAS
is much shorter in ASA (16 residues instead of 34). ASB
lacks H, J, and K, which are found in PAS.
PAS has no cysteine residues, so it contains none of
the disulfide bridges present in ASA or ASB.
Both PAS and ASB are monomers, whereas the oligo-
meric state for ASA under functional conditions is oc-
tameric, formed by the association of four dimers [11].
The Active Site
The active center regions in ASA, ASB, and PAS show
remarkable structural homology, as all side chains
shown by kinetic studies with active site mutants to be
Figure 3. A View of the Active Site Area Highlighting the Environ-
involved in the catalytic mechanism [19] are conserved.ment of the Calcium Cation, its Coordination Sphere, and Structural
The only exception is Ser150 in ASA, which is expectedInteractions in This Region
to fulfill a structural role rather than being directly in-The calcium cation is indicated by a cyan sphere, the coordination
volved in substrate binding, as its exchange againstsphere is indicated by cyan lines, and the structural interactions are
indicated by dashed lines. alanine leaves Km unaltered but reduces Vmax to 2.4% of
Structure
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of the active sites of the three sulfatases are equal within
the experimental error. Also, the sulfate anion occupies
nearly the same position in PAS as the sulfate group of
the substrate pNCS in the structure of the inactive ASA
mutant C69A in complex with pNCS [13], allowing for
the different nature and charge of both substrates and
differences between the active sites in both enzymes,
differences in the pH of the crystals, the lower resolution
of 2.3 A˚ in the complex, and the experimental uncertainty
of the coordinates. A superposition of both structures
in the area of the active site is shown in Figure 4. Thus,
a catalytic mechanism as derived from the atomic reso-
lution structure of PAS should apply to the human sul-
fatases as well.
As the active sites are so well conserved, it is surpris-
ing that the pH optimum is so very different for the
various sulfatases studied: 5–6 for ASA and ASB and
8.9 for PAS. As the pH dependence shows a sharp maxi-
mum in every case, it must play a role, even if not directly,
on the active site [8, 19].
Catalytic Mechanism of Sulfate Ester Cleavage
The resting state for the side chain of the key catalytic
residue FGly in arylsulfatases is proven to be a C-
formylglycine hydrate, as determined in the atomic reso-
Figure 4. Superimposed Coordinates of PAS and the Human Aryl- lution structure of PAS. This geminal diol can only react
sulfatase A Inert Mutant C69A in Complex with pNCS in the Area with the substrate during catalysis through a nucleo-
of the Active Site philic attack on its sulfur atom.
PAS is shown as the solid molecule, and the ASA-C69A/pNCS com- Figure 5 shows a scheme of the catalytic mechanism
plex is shown as the transparent molecule. for the cleavage of sulfate-ester bonds, as derived from
this experimental evidence.
In the geminal diol, one of the alcohol groups (O2)that of the wild-type [19]. An equivalent position to the
hydroxyl group of this residue is occupied in PAS and is oriented toward the core of the protein, establishing
a hydrogen bond through its hydrogen atom (see FigureASB by the carbonyl oxygens of Gly138 and Gly171,
respectively. Thus, Gly138 O, Gly171 O, and Ser150 O 2d) with N1 of His115. Additional hydrogen bonds to
Arg55 and Lys113 anchor its position. The other alcoholbind to the amino groups of Lys113 in PAS, Lys145 in
ASB, and Lys123 in ASA. The corresponding lysine group (O1) is positioned at 2.96 A˚ from the sulfate sulfur
atom, close enough to start a nucleophilic attack on theamino acid interacts with the formylglycine hydrate, with
an aspartate side chain (Asp13 in PAS, 53 in ASB, and sulfur (the equivalent distance in the ASA-C69A/pNCS
complex is even shorter at 2.85 A˚). The orientation of29 in ASA) coordinating the metal cation, and with the
substrate during catalysis. Table 3 lists the relevant the sulfate group is also the optimal one for such a
reaction, as the sulfate tetrahedron is situated with aamino acids and metal atoms occupying equivalent po-
sitions in all three enzymes, which should therefore play face orientated toward O1 of residue 51. This orienta-
tion of the sulfate group is stabilized by the chargedparallel roles during catalysis. Also, the environment of
the metal cation is conserved in all three sulfatases. It side chains of His211 and Lys375 interacting with the
sulfate oxygen (O4) in the position the ester oxygenis constituted by three aspartate side chains, an aspara-
gine and the key FGly hydrate, and one oxygen in the of a substrate occupies in the complex. The closest
distance of a sulfate oxygen (O1) to the calcium divalentsulfate group whenever it is present in the structure.
Otherwise, this last coordination site is expected to be cation is 2.58 A˚. Additional contacts to the side chains
of Lys113 and the main chain nitrogen of FGly51 alloccupied by water or an anion, as interpreted in the
structure of wild-type ASA [11]. In view of the highly contribute to sulfate coordination and electron density
withdrawal from the sulfate oxygen atoms, leading toconserved geometry of its coordination sphere, it is
probable that the metal cation in all three sulfatases is an increased electrophilicity of the sulfur center. On the
other hand, the nucleophilicity of O1 in the aldehydecalcium, which, moreover, is readily available during
their folding. However, as its major role during catalysis hydrate should be enhanced both by its coordination to
the calcium cation and the possibility of a proton transferseems to be compensating the negative charges in the
substrate and reaction intermediates, there is no reason to the carboxyl group of Asp317, which would be stabi-
lized, in turn, by the divalent cation. In the structure ofwhy its substitution against magnesium or the mixtures
of both cations should make a difference. PAS, the proton appears to be oriented toward the sul-
fate anion, not surprisingly due to its higher negativeThe rmsd of a fit between all atoms in the equivalent
residues listed in Table 3 is 0.31 A˚ for PAS-ASB and charge. It is also possible that deprotonation of the hy-
droxyl group O2 would occur by transfer of the proton0.42 A˚ for PAS-ASA. The three-dimensional structures
Arylsulfatase from P. aeruginosa
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Figure 5. A scheme of the Proposed Cata-
lytic Mechanism
to the sulfate group and eventually to the leaving alco- that the first step in the catalytic mechanism must be a
nucleophilic attack of one of the hydroxyl groups on theholate. A high-resolution structure of an enzyme-sub-
strate complex would be required to establish this point. sulfate sulfur in the substrate, leading to the elimination
of the alcohol group and a sulfated enzyme intermediate.This constellation is proposed to induce an SN2 substi-
tution reaction with a pentacoordinated sulfur intermedi- Subsequent elimination of the resulting sulfate group
occurs to regenerate the aldehyde. Hydration of theate, resulting in the heterolytic cleavage of the S-O ester
bond. This mechanism would imply the inversion of the formylglycine side chain to restore the active enzyme
must be the last step, closing the catalytic cycle. Thetetrahedral sulfate environment. The leaving alcoholate
can accept a proton either from the side chains of His211 divalent cation in the active center of this structure can
unequivocally be identified as calcium. The likelihoodor Lys375, from the O2 group via the sulfate, or from
a neighboring water. The most likely candidate to donate of calcium being the metal present in all sulfatases,
provided it is available during their folding, is high, asthis proton should depend on the pH at which the reac-
tion takes place. the geometry of the active sites in all three sulfatases
so far determined is identical within the experimentalAfter cleavage from the tightly bonded sulfate, the
alcohol is free to diffuse out of the catalytic pocket. The error.
sulfate should now be covalently bonded to the enzyme
Experimental Proceduresand additionally coordinated to the calcium cation
through two of its oxygen atoms.
Expression and Purification
Sulfate elimination regenerates the aldehyde. This re- The arylsulfatase protein was overproduced in E. coli BL21(DE3)
quires the deprotonation of the alcohol O2 group in containing the plasmid pME4322, which is derived from the expres-
sion vector pET-24b [9]. Cell extracts were prepared from cells inthe side chain of residue 51, with His115 acting as a
the late-exponential phase after induction of atsA expression withproton acceptor, as revealed in this structure (Figure
IPTG, as described previously [9]. The protein was purified in two2d). Finally, the aldehyde is hydrated by water coming
steps [9]: anion exchange chromatography using a Resource-Q col-into the pocket and is stabilized by hydrogen bonds to
umn (6 ml), followed by hydrophobic interaction chromatography
His115, Arg55, and the calcium cation. The equilibrium using a Resource-Iso column (1 ml) (Amersham Pharmacia Biotech),
between sulfated aldehyde and hydrated aldehyde is both performed on a BioCAD SPRINT apparatus (Perseptive Biosys-
tems). Fractions containing the enzyme were desalted and concen-displaced toward the hydrate, as the C-O bond in the
trated with a Vivaspin concentrator (Vivascience) and stored ataldehyde sulfate is polarized through all the contacts of
20C until required.the sulfate group to positively charged residues, fa-
voring its elimination.
Crystallization, Data Collection, and Processing
The protein was concentrated to 11 mg/ml in 20 mM Tris-HCl (pH
Biological Implications 7.5). Crystallization was achieved by the hanging drop vapor diffu-
sion method [20] at 20C  2C. The hanging drop was prepared
by mixing equal volumes of the protein solution and the reservoirThe high-resolution crystal structure of the bacterial sul-
solution containing 100 mM MES (pH 6.3), 200 mM ammonium sul-fatase from Pseudomonas aeruginosa affords experi-
fate, and 22% (w/v) polyethylene glycol monomethylether 5000. Sin-mental evidence for the presence of an aldehyde hydrate
gle crystals suitable for X-ray analysis of typical dimensions 0.5
 0.5
as the resting state for the side chain of the key catalytic 
 0.04 mm3 were frozen directly in mother liquor without additional
residue in the mechanism of sulfate ester hydrolysis cryoprotectant. Both PEG monomethylether 5000 and PEG 4000
were successfully used as cryoprotectants at high enough concen-catalyzed by these enzymes. This geminal diol implies
Structure
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tration. The use of low-molecular weight alcohols as cryoprotectants data collection is gratefully acknowledged. This work was supported
by the Deutsche Forschungsgemeinschaft and the Fonds der Chem-was avoided, as they might react with the key catalytic residue to
form an hemiacetal. This would have altered the active site, which ischen Industrie.
we particularly wanted to determine from this structure.
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188.92(18) A˚, b  67.29(6) A˚, c  89.79(9) A˚, and   94.2(5) and References
contained two molecules in the asymmetric unit that were related
by two-fold proper NCS. Data were processed with DENZO and 1. Parenti, G., Meroni, G., and Ballabio, A. (1997). The sulfatase
SCALEPACK [21]. Statistics on data quality and refinement are sum- gene family. Curr. Opin. Genet. Dev. 7, 386–391.
marized in Table 1. Crystals were derivatized by soaking with 10 2. von Figura, K., Schmidt, B., Selmer, T., and Dierks, T. (1998).
mM (CH3)3Pb(OCOCH3) in 100 mM MES (pH 6.3), 200 mM ammonium A novel protein modification generating an aldehyde group in
sulfate, and 22% (w/v) polyethylene glycol monomethylether 5000 sulfatases: its role in catalysis and disease. Bioessays 20,
buffer for 100 hr before data collection on the X11 synchrotron 505–510.
beamline at EMBL c/o DESY with a wavelength of 0.91 A˚. 3. Schmidt, B., Selmer, T., Ingendoh, A., and von Figura, K. (1995).
A novel amino acid modification in sulfatases that is defective
Structure Solution and Refinement in multiple sulfatase deficiency. Cell 82, 271–278.
The structure was solved by means of single isomorphous replace- 4. Selmer, T., Hallmann, A., Schmidt, B., Sumper, M., and von
ment including anomalous scattering information (SIRAS). A tri- Figura, K. (1996). The evolutionary conservation of a novel pro-
methyl lead acetate derivative was identified by a combination of tein modification, the conversion of cysteine to serinesemialde-
difference Patterson analysis and direct methods in a dual-space hyde in arylsulfatase from Volvox carteri. Eur. J. Biochem. 238,
recycling frame using SHELXD [22]. The details of the heavy-atom 341–345.
derivative statistics are presented in Table 1. Initial phase estimates 5. Dierks, T., Schmidt, B., and von Figura, K. (1997). Conversion
were obtained by phasing with SHARP [23] and improved by NCS of cystein to formylglycine: a protein modification in the endo-
averaging, solvent flattening, and histogram matching using DM [24] plasmatic reticulum. Proc. Natl. Acad. Sci. USA 94, 11963–
at a nominal solvent content of 35%. The initial 3 A˚ electron density 11968.
map calculated from the improved phases clearly revealed the two 6. Miech, C., Dierks, T., Selmer, T., von Figura, K., and Schmidt,
monomers in the asymmetric unit and the solvent boundaries and B. (1998). Arylsulfatase from Klebsiella pneumoniae carries a
showed elements of secondary structure. A preliminary model was formylglycine generated from a serine. J. Biol. Chem. 273, 4835–
constructed for the secondary structure elements using O [25]. This 4837.
model was used in ARP/wARP [26] to extend phases to 1.45 A˚ and 7. Kolodny, E.H., and Fluharty, A.L. (1995). Metachromatic leuko-
acquire a main chain trace of the protein consisting of 976 residues dystrophy and multiple sulfatase deficiency: sulfatide lipidosis.
in 19 chains. The following manual rebuilding and all graphical mod- In The Metabolic and Molecular Bases of Inherited Disease,
eling (between the later refinement cycles) were performed using C.R. Scriver, A.L. Beaudet, W.S. Sly, D. Valle, eds. (New York:
XtalView [27]. McGraw-Hill), pp. 2693–2741.
The structure was then refined isotropically with SHELXL [28] 8. Beil, S., et al., and Kertesz, M.A. (1995). Purification and charac-
against all data to 1.3 A˚. Rfree [29] was calculated based on 5% of terization of the arylsulfatase synthesized by Pseudomonas
the data chosen at random to avoid overfitting. Anisotropic scaling aeruginosa PAO during growth in sulfate-free medium and clon-
was effective in compensating the anisotropic diffraction of the ing of the arylsulfatase gene (atsA). Eur. J. Biochem. 229,
plate-like crystals [30]. Local noncrystallographic symmetry re- 385–394.
straints were applied on 1–4 distances (torsion angles) and isotropic 9. Dierks, T., Miech, C., Hummerjohann, J., Schmidt, B., Kertesz,
B values [30]. Target values for the geometrical restrains for the M.A., and von Figura, K. (1998). Posttranslational formation of
formylglycine hydrate residue 51 and for the sulfate anions in the formylglycine in prokaryotic sulfatases by modification of either
structure were derived from the CSD [15]. Omit maps were calcu- cysteine or serine. J. Biol. Chem. 273, 25560–25564.
lated, leaving out the amino acids, calcium cation, and sulfate anion 10. Hummerjohann, J., Ku¨ttel, E., Quadroni, M., Leisinger, T., and
in the region of the active site to avoid model bias. The cation in Kertesz, M.A. (1998). Regulation of the sulfate starvation re-
the active site was established as calcium rather than magnesium sponse in Pseudomonas aeruginosa: role of cysteine biosyn-
based both on the compared B values and bond-valence calcula- thetic intermediates. Microbiology 144, 1375–1386.
tions using parameters from Brese and O’Keeffe [16], resulting in a 11. Lukatela, G., et al., and Saenger, W. (1998). Crystal structure of
valence of 2.3 for Ca and 1.3 for Mg. Waters were included if they human arylsulfatase A: the aldehyde function and the metal ion
had suitable stereochemistry and individual B factors below 55 A˚. at the active site suggest a novel mechanism for sulfate ester
Hydrogen atoms were included in calculated positions and refined hydrolysis. Biochemistry 37, 3654–3664.
using a riding model, except for the ones in the hydroxyl groups 12. Bond, S.C., et al., and Guss, J.M. (1997). Structure of a human
within the active site. These were located in difference maps and lysosomal sulfatase. Structure 5, 277–289.
refined so that they could rotate about torsion around the C-O bond. 13. von Bu¨low, R., Schmidt, B., Dierks, T., von Figura, K, and Uso´n,
Figures were drawn with MOLSCRIPT [31], BOBSCRIPT [32], and I. (2000). Crystal structure of an enzyme substrate complex
RASTER3D [33]. provides insight to the interaction between arylsulfatase A and
The final model comprises 8189 protein atoms, 810 water mole- its substrates during catalysis. J. Mol. Biol., 305, 269–277.
cules, 8 sulfate anions, and 2 calcium cations. It was refined to 14. Read, R.J. (1986). Improved coefficients for maps using phases
an R factor of 19.96% based on all data. Data statistics and final from partial structures with errors. Acta Crystallogr. A 42,
refinement figures are summarized in Table 1. PROCHECK [34] and 120–129.
WHATIF [35] were used to check the stereochemical and geometri- 15. Allen, F.H., et al., and Watson, D.G. (1979). The Cambridge
cal outliers in the final structure. All main chain angles were within crystallographic data center: computer-based search, retrieval
allowed regions of the Ramachandran plot [36], except for Asp167, analysis and display of information. Acta Crystallogr. B 35, 2331.
which was located in a tight turn between strands 6 and 7. 16. Brese, N.E., and O’Keeffe, M. (1991). Bond-valence parameters
for solids. Acta Crystallogr. B 47, 192–197.
17. Holm, L., and Sander, C. (1996). Mapping the protein universe.Acknowledgments
Science 273, 595–602.
18. Kim, E.E., and Wyckoff, H.W. (1991). Reaction mechanism ofWe thank George M. Sheldrick for discussion and support. Data
collection at the synchrotron beamline X11 in Hamburg at the EMBL alkaline phosphatase based on crystal structures. J. Mol. Biol.
218, 449–464.outstation c/o DESY and assistance from Alexander Popov during
Arylsulfatase from P. aeruginosa
491
19. Waldow, A., Schmidt, B., Dierks, T., von Bu¨low, R., and von
Figura, K. (1999). Amino acid residues forming the active site
of arylsulfatase A. J. Biol. Chem. 274, 12284–12288.
20. McPherson, A. (1998). Crystallisation of biological macromole-
cules. J. Crystal Growth 122, 161–167.
21. Otwinowski, Z., and Minor, W. (1997). Processing of X-ray dif-
fraction data collected in oscillation mode. Methods Enzymol.
276, 307–326.
22. Uso´n, I., and Sheldrick, G.M. (1999). Advances in direct methods
for protein crystallography. Curr. Opin. Struct. Biol. 9, 643–648.
23. de La Fortelle, E., and Bricogne, G. (1997). Maximum likelihood
heavy atom parameter refinement for multiple isomorphous re-
placement and multiwavelength anomalous diffraction meth-
ods. Methods Enzymol. 276, 472–494.
24. Cowtan, K.C. (1994). DM: An automated procedure for phase
improvement by density modification. Joint CCP4 ESF-EACBM
Newslett. on Protein Crystallogr. 31, 34–38.
25. Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991).
Improved methods for building protein models in electron den-
sity maps and the location of errors in these models. Acta Crys-
tallogr. A 47, 110–119.
26. Perrakis, A., Morris, R.J.H., and Lamzin, V.S. (1999). Automated
protein model building combined with iterative structure refine-
ment. Nat. Struct. Biol. 6, 458–463.
27. McRee, D. (1999). XtalView/Xfit-a versatile program for manipu-
lating atomic coordinates and electron density. J. Struct. Biol.
125, 156–165.
28. Sheldrick, G.M., and Schneider, T.R. (1997). SHELXL: high reso-
lution refinement. Methods Enzymol. 277, 319–343.
29. Bru¨nger, A.T. (1993). Assessment of phase accuracy by cross
validation: the free R value. Methods and applications. Acta
Crystallogr. D 49, 24–36.
30. Uso´n, I., et al., and Sheldrick, G.M. (1997). 1.7 A˚ structure of
the stabilized REIv mutant T39K paper. Application of local NCS
restraints. Acta Crystallogr. D 55, 1158–1167.
31. Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both
detailed and schematic plots of protein structures. J. Appl.
Cryst. 24, 946–950.
32. Esnouf, R.M. (1997). BOBSCRIPT. J. Mol. Graph. 15, 132–134.
33. Merrit, E.A., and Bacon, D.J. (1997). RASTER3D: photorealistic
molecular graphics. Methods Enzymol. 277, 505–524.
34. Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton,
M.T. (1993). PROCHECK: a program to check the stereochemi-
cal quality of protein structures. J. Appl. Crystallogr. 26,
283–291.
35. Vriend, G. (1990). WHAT IF: a molecular modeling and drug
design program. J. Mol. Graph. 8, 52–56.
36. Ramachandran, G.N., and Sassiekharan, V. (1968). Conforma-
tion of polypeptides and proteins. Adv. Protein Chem. 28,
283–437.
Accession Numbers
The coordinates and structure factors have been deposited in the
Brookhaven Protein Data Bank with the entry codes 1hdh and
1hdhsf, respectively.
